The effect of magnetic field dependent (MFD) viscosity on thermal convection in a horizontal ferromagnetic fluid layer has been investigated numerically. A correction is applied to Sunil et al. [24] which is very important in order to predict the correct behavior of MFD viscosity. Linear stability analysis has been carried out for stationary convection. The MFD viscosity parameter  as well as the measure of nonlinearity of magnetization M 3 , both have a stabilizing effect on the system. Numerical results are also obtained for large values of magnetic parameter M 1 and predicted graphically.
INTRODUCTION
Ferrofluids, also known as magnetic fluids, are colloidal suspensions of nanosized ferromagnetic particles stably dispersed in organic or non-organic carrier fluids, such as water, kerosene, hydrocarbon. When exposed to an external magnetic field they behave paramagnetically, with susceptibilities  usually large for liquids [9] . Due to this property, magnetic fluids have vast applications, e.g., liquid cooled loud speakers, novel zero leakage shaft seals used in computer disc drives, energy conversion devices, liquid sealing in chemical and biochemical reactors and medical sciences [12] .
Hydrodynamics of ferrofluids began with the fundamental work of Neuringer and Rosensweig [11] and the subsequent researches by Rosensweig and coresearchers, which are included later in his famous book (Rosensweig [18] ). Finlayson [3] studied convective instability of a ferrofluid layer heated from below in the presence of a uniform vertical magnetic field and obtained the critical temperature gradient for the onset of instability. Lalas and Carmi [5] investigated the thermoconvective stability of ferrofluids by neglecting the buoyancy effect. Auernhammer and Brand [1] studied the influence of rotations on the thermal convection of a magnetic fluid. For further details of investigations in ferroconvection one may be referred to Rudraiah and Shekar [19] , Siddheshwar [22] , Zebib [30] , Vaidyanathan et al. [28] , Lange [6] , Suslov [26] , Sunil and Mahajan [25] , Prakash et al. [13] , [15] , [16] . The study of the thermal convection of ferrofluids in a porous medium also attracted considerable interest due to its importance in the controlled emplacement of liquids or the treatment of chemicals and the emplacement of geophysically imageable liquids into particular zones for subsequent imaging. Vaidyanathan et al. [27] investigated the thermal convection of a ferrofluid layer saturating a porous medium in the presence of a vertical magnetic field using the Brinkman model for the case of shear free boundaries. Nanjundappa et al. [10] studied the buoyancy driven ferromagnetic convection in a porous layer using the Darcy-Brinkman model with fluid viscosity different from effective viscosity. Lee and Shivakumara [7] derived the criterion for the onset of penetrative convection in a horizontal layer of a ferrofluids saturated porous medium in the presence of a magnetic field via the internal heating model. Kefayati [4] studied the heat dissipation effect of a ferrofluid on a natural convection flow in a partially heated cavity in the presence of an external magnetic field outside the cavity using the Lattice Boltzmann Method (LBM). Sekar et al. [20] investigated the Soret effect with regard to thermoconvective instability in a ferrofluid layer using the Brinkman and Darcy models. Mojumder et al. [8] investigated the magnetohydrodynamic convection in a half-moon shaped cavity filled with a ferrofluid.
The convection in ferrofluids gained much importance due to their astounding physical properties. One such property is the viscosity of ferrofluids. The effect of a homogeneous magnetic field on the viscosity of a fluid with solid particles possessing intrinsic magnetic moments was investigated by Shliomis [21] . Vaidyanathan et al. [29] studied the effect of MFD viscosity on ferrofluid-inducing convection in a sparsely distributed porous medium heated from below for stationary and oscillatory modes using the linear stability theory. Sunil et al. [23] also investigated the combined effect of MFD viscosity and rotation on ferrothermohaline convection saturating a porous medium in the presence of dust particles. Recently Prakash and Gupta [14] have obtained upper bounds for the complex growth rate of oscillatory motions in ferromagnetic convection with MFD viscosity in a rotating fluid layer. Prakash [16] also derived a sufficient condition for the validity of the principle of the exchange of stabilities for ferromagnetic convection with MFD viscosity in a rotating porous medium.
It is worth mentioning here that in the above cited papers on MFD viscosity these researchers carried out their analysis by considering MFD viscosity in the
where  1 is fluid viscosity in the absence of magnetic field B  and   is the variation coefficient of viscosity. They decompose  into components  x ,  y and  z which is technically not correct because  being a scalar quantity cannot be decomposed in such a manner. Although they investigated a very important problem in ferrohydrodynamics, their results cannot be relied upon due to this wrong assumption. Recently Prakash and Bala [17] have rectified the above problem for ferromagnetic convection with MFD viscosity in a rotating sparsely distributed porous medium and derived upper bounds for the complex growth rate. Currently considerable emphasis is placed on Sunil et al. [24] . Keeping in view the above facts the basic equations are reformulated accordingly and then a mathematical and numerical analysis is carried out to rectify the weaknesses in the existing results and predict the correct solution to behavior to the problem.
MATHEMATICAL FORMULATION PHYSICAL PROBLEM
Consider the infinite horizontal layer of thickness d of an electrically nonconducting Boussinesq ferromagnetic fluid confined between two boundaries z = 0 and z = d, heated from below in such a way that the uniform temperature gradient  = dz dT is maintained (see Fig. 1 ). The fluid is assumed to have variable
where  1 is the viscosity of the fluid in the absence of the applied external magnetic field. The variation of viscosity  is assumed to be isotropic,  =  1 =  2 =  3 . Both boundaries are assumed to be free and perfect conductors of heat. The basic governing equations for the present problem are given by [24] : (2) , .
where
respectively, the velocity, pressure, magnetic field, variable viscosity, acceleration due to gravity, heat capacity at constant volume and magnetic field, mag-netic permeability, temperature, magnetization, thermal conductivity and viscous dissipation containing second order terms in velocity, the coefficient of volume expansion and density of the fluid.  0 is the density of the fluid at some reference temperature T O . For a non-conducting fluid with no displacement current, the Maxwell's equations are given by
It is assumed that the magnetization is aligned with the magnetic field, but a dependence on the magnitude of the magnetic field is allowed and the temperature is
The linearized magnetic equation of state is
where M o is the magnetization when a magnetic field is H o and temperature
The basic state is assumed to be the quiescent state and is given by
The Perturbed State Solutions are thus given by
where q
finitesimal perturbations in velocity, density, pressure, temperature, magnetic field intensity and magnetization.
Substituting equation (10) into equations (1)-(8) and using equation (9), one obtains the linearized perturbation equations in the folowing form
where it was assumed that K 2 d  (1 + )H o , as the analysis is restricted to physical situations, in which the magnetization induced by temperature variations is small compared to that induced by the external magnetic field. Now u and v are eliminated between Eqs. (12) and (13) by operating Eq. (12) by x   and (13) by y   , respectively, adding the resulting equations and using Eq. (11), we obtain
Now eliminate P between Eqs. (14) and (17), we obtain
where . 
Now Eqs. (5) and (17) yield
Now the perturbations w,  and , are analyzed into two dimensional periodic waves and the disturbances characterized by a particular wave number k are considered. Thus it is assumed to all quantities describing the perturbation a dependence on x, y and t of the form (20) where k x and k y are the wave numbers along the x and y directions, respectively, k = 2 2 y x k k  is the resultant wave number and n is constant which can be complex in general. On using Eq. (20) in Eqs. (18), (15) and (19) and nondimensionalizing the variables by setting
), 1 (
we get the following nondimensional equations (dropping the asterisks for convenience):
Since, M 2 is of very small order [3] , it is neglected in the subsequent analysis and thus equation (23) takes the form:
The constant temperature boundaries are considered to be dynamically free. Hence the boundary conditions are: (26) (both of the boundaries are free) In Eqs. (22)- (26), z is the real independent variable such that 0 z  1 represent the two boundaries. (26) describe an eigenvalue problem for ferromagnetic convection with MFD viscosity.
MATHEMATICAL ANALYSIS
Following the analysis of [3] , the exact solution satisfying the boundary conditions (26) is given by:
where A, B, C and D are constants. The substitution of above solutions in Eqs. (22), (24) and (25) yields a system of three linear homogeneous algebraic equations in the unknowns A, B, C and D. For the existence of the non-trivial solutions of this system, the determinant of the coefficients of A, B, C and D must vanish. This determinant on simplification yields:
and k 2 = ( 2 +a 2 ). The condition for steady convection is obtained by putting  i = 0 in Eq. (28), which on simplification yields:
where R The classical results for Newtonian ferromagnetic fluids can be obtained as the limiting case of the present study by setting  = 0 in Eq. (32). We receive
which is the expression for the critical Rayleigh number in classical ferromagnetic Rayleigh-Bénard convection [3] . 
RESULTS AND DISCUSSION
The dispersion relation (32) is analyzed numerically by using the software scientific work place. In Fig. 1, R 1 When M 1 is very large, Eq. (33) yields the results for magnetic mechanism and we get the magnetic thermal Rayleigh number (= R 1 M 1 ) for stationary mode as 3 2
To find the minimum value of N with respect to wave number x, Eq. (34) is differentiated with respect to x and equated to zero which resulted in the following polynomial equation:
The above equation is solved numerically by using the software scientific work place for various values of M 3 
CONCLUSIONS
The effect of MFD viscosity was studied on a ferromagnetic fluid layer heated from below by using linear stability analysis. A correction is applied to [24] wherein MFD viscosity  =  1 (1 + .B) was composed of components which is otherwise not permissible as  is a scalar quantity. Thus the results obtained in the present communication are on a correct footing and show the correct behavior of the problem. Further, the values of R 1C and N c are definitely higher than those of [24] . 
